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In the past decade systolic time intervals and echocardiography have been developed as alternative noninvasive techniques for deriving this information. [2] [3] [4] [5] [6] [7] [8] Both systolic time intervals and echocardiography, because of their noninvasive nature, may be performed serially at no patient risk or discomfort, and thus provide a convenient method of evaluating and following left ventricular performance. In patients with left ventricular dysfunction, a good correlation has been found between systolic time intervals and ejection fraction derived at cardiac catheterization. 9 Several studies have demonstrated a good correlation of different parameters of left ventricular function between echocardiography and direct measurements obtained at cardiac catheterization. [3] [4] [5] [6] The limitations of echocardiography in assessing overall ventricular function by studying only a small area of the ventricle have recently been emphasized. 10 The aim of this project was to define quantitatively a set of noninvasive measurements that have the greatest correlation with directly obtained information on left ventricular performance in normal subjects and in patients with segmental or diffuse left ventricular dysfunction. We have also determined the discriminative power of these techniques in differentiating the normal population from patients with coronary artery disease and normal and abnormal ventricles, and patients with primary myocardial disease. Theoretically, several indirect measurements in combination should yield a more sensitive indicator of ventricular function than a single measurement obtained with one noninvasive technique. A variety of echocardiography and systolic time interval combinations of measurements have been subjected to multivariate statistical analysis for this purpose.
Materials and methods
Patient population. One hundred fifty patients, referred for evaluation of chest pain or congestive heart failure, were evaluated by cardiac catheterization, echocardiography, and systolic time interval measurements in the Cardiac Laboratory and Cardiac Function Laboratory at the Cleveland Clinic. Of this group, 122 patients were selected on the basis of technically good echocardiograms and systolic time interval measurements, and a ventriculogram of adequate quality for calculation of ejection fraction. The three procedures were done the same day; the cardiac catheterization was usually done 3 to 4 hours before the echocardiogram and systolic time interval measurements.
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Fifty patients had normal coronary arteries, normal left ventricles and no other evidence of organic heart disease; they serve as the normal control group (group I normals). Fifty patients had coronary artery disease with at least one of the three major coronary arteries obstructed 75% or more. Of these, 21 had normal ventriculograms (group II) and 29 had abnormalities of ventricular motion (group III). These abnormalities included an inferior scar in ten patients; six patients had an anteroapical aneurysm, one had an anterior scar, and 12 had diffuse left ventricular dysfunction. Twenty-two patients had primary myocardial disease with normal coronary arteriograms (group IV). Of these, four had mild left ventricular dysfunction, nine had moderate, and nine had severe left ventricular dysfunction.
A. Cardiac catheterization. Cardiac catheterization was performed in the postabsorptive state after premedication with benzathine penicillin G, 1,200,000 U intramuscularly, and diazepam (Valium), 10 mg intramuscularly. Coronary angiography was performed according to the Sones technique. 11 A left ventricular angiogram was performed in the 30° right anterior oblique projection, using 40 ml meglumine diatrizoate (Renografin 76%) with a pressure injector using 250 to 300 pounds per square inch. In some cases, the ventriculogram was repeated in the 60° left anterior oblique projection. The ejection fraction was calculated by subtracting the end systolic projected area from the end diastolic projected area, and dividing the result by the latter. The area-length method of Sandler (Fig. 1) . By angulating the transducer medially and superiorly, both mitral valve leaflets were identified and recorded; the A-C interval was visualized in all cases (Fig. 2) . (g) Posterior wall motion (PWM) measured in centimeters as the distance from the endocardial surface of the posterior wall of the left ventricle at the peak of the QRS to the point of maximal anterior motion (Fig. 1) .
(h) Septal plus posterior wall motion (S+PWM) as the sum of the two prior values.
(i) Posterior wall velocity (PWV) measured in millimeters per second and calculated as the slope of the tangent to the endocardium of the posterior wall during systole (Fig. 1) .
(j) PR-AC interval (PR-AC) measured in milliseconds by subtracting the AC interval of the mitral echocardiogram from the PR interval of the electrocardiogram (Fig. 2) .
(k) Mean velocity of circumferential fiber shortening (Vcf) measured in circumferences per second (circ/ sec) from the formula:"
where LVET is the left ventricular ejection time measured from a carotid pulse tracing taken simultaneously or immediately before the echocardiographic recording. C. Systolic time intervals. We used a six-channel recorder (Electronics for Medicine VR-6, White Plains, New York) in which the following determinations were obtained:
(a) A bipolar chest lead was used for determining the onset of ventricular depolarization.
(b) Carotid pulse tracing was obtained with an inductance displacement transducer (Hewlett-Packard APT-16) recorded with a 5-second time constant amplifier (Elema Schonander, Solna, Sweden).
(c) One microphone was placed in the second left intercostal space to record the initial high-frequency components of the second heart sound and another at the cardiac apex for recording the initial low-frequency components of the first heart sound.
(d) An apexcardiogram was recorded with an inductance displacement transducer (Hewlett-Packard APT-16) and a 5-second time constant amplifier (Elema Schonander, Solna, Sweden).
Measurement techniques (a) Total electromechanical systole. The QS 2 was measured from the onset of ventricular depolarization to the initial high-frequency vibrations of the aortic component of the second heart sound.
(b) Left ventricular ejection time (LVET) was measured from the beginning of the upstroke to the dicrotic notch of the carotid pulse.
(c) Pre-ejection period (PEP) was obtained indirectly by subtracting LVET from the QS 2 interval.
(d) Isovolumic contraction time (IVCT) begins with ventricular contraction and ends with the beginning of ejection. This is measured from the U point of the apexcardiogram to the beginning of the upstroke of the carotid pulse corrected for the pulse transmission time.
The LVET and the PEP were corrected for heart rate according to the regression formula of Garrard 9 with the LVET index (LVETI) and PEP index (PEPI) obtained. The PEP/ LVET ratio was determined in all cases. Table 1 shows the number of patients and mean ages of each group, and summarizes the catheterization data. The mean values of LVEDP and EF are compared between normals and patient groups. There was significant difference between the LVEDP and the EF of the normals when compared with the patients with coronary artery disease and abnormal left ventricles and patients with primary myocardial disease. There was no significant difference of these parameters between the normals and the patients with coronary artery disease and normal left ventricles. Table 2 is a summary of the mean values of all the echocardiographic measurements obtained in the four groups and shows the statistical difference between group 1 and other groups. There was a significant difference in all the echocardiographic measurements between the normals and the patients with primary myocardial disease, and in all the echocardiographic measurements, except for the septal and posterior wall motion and posterior wall velocity between the normals and the patients with coronary artery disease and abnormal left ventricles. There was no significant difference between the normals and the patients with coronary artery disease and normal left 
Results
ventricles in any of the echocardiography; measurements. Figure 3 shows the correlation between the ejection fraction obtained by cardiac catheterization with that obtained by echocardiograms in the four groups. The correlation as can be seen was rather poor (R = .64). The analysis of the correlation coefficient in each of the four groups if analyzed individually was similarly poor. Figure 4 shows that despite the poor correlation coefficient between the catheterization and echocardiographic ejection fraction, both methods have a similar distribution and discriminative power between the four groups. As a matter of fact, the T ratio was very similar by both methods in comparing the four groups, and was higher on the echocardiographic method in differentiating normals from primary myocardial disease. Table 3 summarizes the mean values of the systolic time intervals and shows the statistical difference on systolic time intervals between group I and other groups. It shows that there was significant difference between all systolic time intervals, except for QS 2 between the normals and the primary myocardial disease groups. There was no significant difference between normals and the group of patients with coronary artery disease. Tables 4, 5 , and 6 summarize the statistical relationship between catheterization, echocardiographic, and systolic time interval measurements in the four groups. The differentiation of groups was made by angiogra- phy; thus all groups show statistical difference by this method. The measurement of LVEDP and EF at catheterization differentiates normals from patients with coronary artery disease and an abnormal left ventricle or patients with primary myocardial disease. Normal subjects were not separated from patients with coronary artery disease and a normal left ventricle by LVEDP and EF determinations. These measurements also differentiated patients with coronary artery disease and normal left ventricles from those with abnormal left ventricles due to coronary artery disease or primary myocardial disease. Measurements of LVEDP or ejection fraction by catheterization did not allow differentiation of patients with coronary artery disease with abnormal left ventricles from patients with primary myocardial disease. All echocardiographic measurements showed significant differences between the primary myocardial disease group and the normals or between the primary myocardial disease group and patients with coronary artery disease and normal left ventricles ( Table 5 ). There were significant differences between the primary myocardial disease group and patients with coronary artery disease and abnormal left ventricles in the measurement of ESD, %A, PWV and PR-AC interval. In comparing patients with coronary artery disease and normal and abnormal left ventricles, there were significant differences in all echocardiographic measurements except PWM, PWV, and PR-AC interval. There was no significant difference in any of the echocardiographic measurements when comparing the normal group with the coronary artery disease normal left ventricle group. The correlation between LVEDP obtained at catheteri-
zation and the PR-AC interval by echocardiogram was poor, with the R value for the four groups combined of R = -.46. Despite this, there was a tendency for the patients with normal LVEDP to have the longer PR-AC intervals. There were only three patients with a normal LVEDP with a PR-AC interval of less than .06, and there were only four patients with LVEDP of 20 or more with PR-AC interval of more than .06 sec.
The systolic time intervals were of no help in differentiating the normals from the groups with coronary artery disease, nor in differentiating the group with coronary artery disease and normal left ventricle from the group with coronary artery disease and abnormal left ventricles (Table 6). All the intervals except the QS 2 showed significant differences between the normal and primary myocardial disease groups. There was significant difference in the LVET, PEPI, PEP/LVET, and IVCT between the group with coronary artery disease and normal left ventricles and primary myocardial disease. There was significant difference in LVET, PEP/LVET, and IVCT between the group with coronary artery disease and abnormal left ventricles and the primary myocardial disease group. The correlation coefficient between the PEP/LVET for all the groups with the ejection fraction obtained at catheterization was only -.34.
Discussion
The present study shows that despite a rather poor correlation between the ejection fraction obtained by cardiac catheterization and the echocardiogram, several of the echo- 
Summary
One hundred twenty-two patients were studied on the same day by cardiac catheterization, echocardiography, and systolic time intervals for analysis of left ventricular function. Fifty patients had normal coronary arteries, normal left ventricles, and no other evidence of organic heart disease (normals). Fifty patients had coronary artery disease with at least one major coronary artery obstructed 75% or more; of these 50 patients, 21 had normal ventriculograms and 29 had abnormal ventriculograms.
Despite poor correlation between the catheterization and echocardiogram ejection fraction (R = .64), the echocardiographic parameters of left ventricular function differentiated the normal group from the group with abnormal left ventricles due to coronary artery disease or to primary myocardial disease. Systolic time intervals did not differentiate the normal group from the coronary artery disease groups; it did differentiate the primary myocardial disease group.
We conclude that the echocardiogram is a sensitive technique in the detection of left ventricular dysfunction , and that the value of the systolic time intervals is limited in this respect.
